The vehicle on-board sensor based Advanced Driver Assistant System possesses limitations on a small road with a small radius of curvature because of the sensor's inability to operate in nondetectable domains. This study suggests an Improved Cooperative Collision Warning System (ICCWS) that considers the curvature of the road and is based on intervehicle communication. To predict the radius of curvature of the road, the Arc Relative Distance (ARD), the real relative distance to a preceding vehicle on a curved road has been used. The risk of collision with the preceding vehicle is decided by calculating an index of the risk of collision on a curved road using the computed ARD. The effects of ICCWS, proposed through this simulation, have been reviewed, and the improvement in performance in following a preceding vehicle has been analyzed quantitatively via comparative analysis with the conventional forward collision warning system. Accordingly, if the estimating algorithm for curvature developed in this study is applied to a real system, the performance of following a preceding vehicle can be improved without any specific changes to the system.
Introduction
The number of road-traffic accidents is rising proportionally in line with an increase in the number of vehicles on the road. Based on data reported by the National Highway Traffic Safety Administration (NHTSA) [1] , about 80% of traffic accidents are due to the carelessness of drivers. Recently, studies related to an Advanced Driver Assistant System (ADAS) have actively been carried out, not only to reinforce legal regulations of vehicle safety, but also to increase awareness of safety devices available to consumers and decrease the possibility of the traffic accidents related to driver carelessness. The ADAS is a representative vehicle safety system that detects stopping or moving objects using sensors such as camera and radar and classifies them to reduce the possibility of an accident [2] . The major longitudinal ADAS is composed of a forward collision warning system (FCWS) and an Adaptive Cruise Control System (ACCS). The FCWS is a system that analyzes the risk of collision with a preceding vehicle and operates by using a vehicle on-board sensor to warn the driver of a collision. However, the vehicle on-board sensor based on ADAS only works within a measurable range of the sensor and possesses blind spots in relation to areas that it is unable to detect, such as at crossroads and on curved roads. In order to overcome these limitations, studies introducing a communication-connected safety system using Vehicle to Vehicle (V2V) communication and Vehicle to Infra (V2I) communication have actively been planned in relation to further developments made in communication technology [3] [4] [5] .
The FCWS has already been established as an international standard by the International Organization for Standardization (ISO) [6] . However, the existing FCWS uses vehicle-mounted sensors that cause a malfunctioning of the system when the object in front enters a blind spot, thus escaping the measurable range of the sensor [7] . In order to overcome the limitations related to such blind spots, studies on the Cooperative Collision Warning System (CCWS) have been carried out by combining V2V and V2I technology [8] . However, the CCWS proposed thus far is not suitable for narrow curved roads with a small radius of curvature, and it can only consider straight roads and slightly curved narrow roads. It is therefore considered that, to overcome such limitations, the development of a collision warning system that considers the curvature of curved roads is required. Thus, this study proposes an Improved Cooperative Collision Warning System (ICCWS) to overcome the problems of the conventional FCWS and CCWS without adding devices to a vehicle.
Improved Cooperative Collision Warning System Design
CCWSs proposed in previous studies use V2V communication to overcome the limitations of vehicle-mounted sensors and to warn the driver in advance by detecting the risk of collision with preceding vehicles, regardless of the existence of obstacles [9] . However, as shown in Figure 1 , CCWSs proposed in previous studies are not suitable for curved roads with a small radius of curvature. Therefore, this paper proposes an ICCWS, which takes into account the curvature of the road. Figure 2 shows a block diagram of the ICCWS proposed in this study, which firstly calculates the relative distance (RD) and relative angle (RA) between nearby vehicles using the vehicle surroundings monitoring system according to whether the road is curved or straight and then applies the ICCWS to an ego-vehicle. Figure 3 , the system generates coordinates based on the egovehicle and calculates the RA and RD to any surrounding vehicles. In this study, a new Cartesian coordinate system, the CS ego , was defined using the ego-vehicle's current position ( ego , ego ), as the starting point. The CS ego defined here is a coordinate system in which the longitudinal direction is the -axis and the lateral direction is the -axis, based on the traveling direction of the ego-vehicle. In the CS ego , the positions of the surrounding vehicles are indicated as relative coordinates ( , ) in the four quadrants of the CS ego by comparing the positions of the ego-vehicle and the surrounding vehicles that are received through V2V communication.
Vehicle Surroundings Monitoring System. As shown in
Here, is vehicle ID. RA is then calculated using a comparison with the azimuth, , which is related to the traveling direction of the ego-vehicle. As shown in Figure 3 , based on RA , which is the relative angle that changes according to the four quadrants, the vehicle surroundings monitoring system can detect the position of surrounding vehicles. As shown in Figure 4 , changes according to the heading angle of the vehicle, and East is designated as 0 ∘ . The CS ego , as shown in Figure 4 , rotates its axes depending on any changes made to the vehicle's . Considering this axis rotation, the longitudinal vehicle travelling direction was set to align with the -axis at all times and is represented by
Curved Road Collision Detection
System. In this study, the time to collision (TTC) was used as the collision risk index to determine the risk of a collision with a preceding vehicle. TTC refers to the time remaining before impact, which is determined by the ratio of the distance to the preceding vehicle and the relative speed, in accordance with
Under curved road conditions, RD, which is the relative distance between the ego-vehicle and the forward vehicle calculated by the vehicle surroundings monitoring system, is not suitable for calculating TTC, the longitudinal collision risk index. Therefore, the actual relative distance needs to be defined by taking the conditions of the curved road into consideration. In this study, as shown in Figure 5 , the RD and turning radius (TR ego ) of the ego-vehicle were used to calculate the actual relative distance (the Arc Relative Distance (ARD)) for a curved road, as defined using the following:
where ARD is the relative distance from the forward vehicle, , on a curved road; TR ego is the ego-vehicle's turning radius; is the mid angle when the ego-vehicle's turning radius is TR ego and the ego-vehicle's preceding vehicle, , is distanced by ARD . The vehicle's TR can be determined through
where is the speed of the vehicle anḋis the yaw rate of the vehicle. The ICCWS can only operate on preceding vehicles in the same lane. For this, when the distance between TR ego and TR is less than half the width of the lane, it was determined that the ego-vehicle and the preceding vehicle, , are in the same lane. When TR could not be determined because the preceding vehicle, , had stopped, it was estimated through the following (Figure 6 ) [10] : 
Simulation and Results
Commercial programs such as PreScan, CarSim, and MAT-LAB/Simulink were used to conduct the simulation. PreScan was used to perform the following modeling operations: (1) configuration of the V2V communication environment; (2) vehicle-mounted camera and radar sensor modeling; (3) modeling of vehicle surroundings; and (4) modeling in relation to driving conditions. Furthermore, a CarSim vehicle model was used for expressing the detailed kinetic characteristics of the ego-vehicle. Finally, the system was configured after interfacing the PreScan and CarSim through the MAT-LAB/Simulink.
Simulation Scenario.
The simulation scenario is shown in Figure 7 . The ICCWS warning times for an ego-vehicle travelling on a curved road were observed for a case when Vehicle 1 was travelling ahead of the ego-vehicle. In this context, the initial and driving speeds of the ego-vehicle were standard speeds corresponding to the curvature radius of the curved road with a superelevation of 6%, but in the established scenario the driving speed was exceeded by 5 km/h and 10 km/h, respectively. Table 1 presents the standard vehicle speeds on the curved road corresponding to various curvature radii, with a superelevation of 6%. The warning levels were defined based on the TTC; Table 2 lists the warning level standards corresponding to variations in the TTC [7] . The warning level was divided into a total of three levels: Level 1 was defined as the lowest level of risk, Level 2 as intermediate risk, and Level 3 as the highest risk.
Simulation Results.
The proposed ICCWS was verified by comparing the ideal TTC with the TTC calculated from the ICCWS. The ideal TTC can be calculated using the difference between the time of collision and the simulated time, because the vehicle is being driven at a constant speed in the scenario. Figure 8 shows the margin of error used when comparing the TTC ,ideal (which is the ideal longitudinal collision risk index) with each TTC , calculated using the proposed ICCWS and the existing CCWS, after simulation of identical scenarios (Scenario 1, 2, or 3) . The results of TTC ,ICCWS , which is the longitudinal collision risk index of the proposed ICCWS corresponding to each scenario, indicate the following approximate average margins of error: for Scenario 1 (Figure 8 The reason for this difference is that the existing CCWS calculates the TTC ,CCWS , which is the longitudinal collision risk index, without considering the curvature of the road. Table 3 presents the results of a comparative analysis simulation using the application of the ICCWS, CCWS, and FCWS (based on vehicle-mounted sensors) on the scenarios defined in Table 1 . The simulation results listed in Table 3 show the margins of error, presented according to the scenarios. According to the results, the FCWS that uses a vehicle on-board sensor has a limited measurable range on curved roads. In other words, it exhibits a margin of error that is greater than 79% in all of the scenarios. On the other hand, the ICCWS proposed in this study exhibits a margin of error that is, at most, less than 3% in all of the scenarios and is similar to the actual performance of following a preceding vehicle. Moreover, compared to CCWS, which does not consider the curvatures of roads, ICCWS reduces the margin of error to a maximum of approximately 7% for roads with large curvatures. By improving the performance of following a preceding vehicle, safe driving can be ensured because the driver can recognize accurate risk-warning signals on curved roads.
Conclusion
This research proposes an ICCWS that considers a small curvature radius on curved roads. ARD, which is the actual relative distance between the ego-vehicle and the preceding vehicle on the curved road, was calculated by utilizing the turning radius of the ego-vehicle and data obtained from the vehicle surroundings monitoring system. As per the results, we reduced a maximum of approximately 7% margin of error compared to CCWS and 82% compared to FCWS. With the improvement in following a preceding vehicle using ICCWS proposed in this study, more accurate risk-warning signals were provided to drivers on curved roads, and, thus, driver resistance to the system was minimized.
In future research, the application of the proposed ICCWS to the primary collision evasion system, autonomous emergency braking (AEB), is expected, in addition to studies on the implementation of the ICCWS on various roads and within multivehicle environments.
In conclusion, this study proposed an ICCWS to overcome the problems of the conventional FCWS and CCWS, without adding devices to the vehicle.
